BACKGROUND: Acrylamide is a probable human carcinogen produced during food preparation, including frying of potato products. The aim of this study was to investigate the impact of seasonal variation on tuber composition and its acrylamide generation potential.
INTRODUCTION
The formation of acrylamide has been discovered by Swedish researchers in heated foods rich in starch, e.g. processed potato products such as chips (crisps) and French fries. 1 Acrylamide is known to cause cancer in animals and has been classified by the WHO's International Agency on Cancer (IARC) as probably carcinogenic to humans. 2 Soon after this discovery the main mechanism of formation of acrylamide in foods was clarified as a reaction between the free amino acid asparagine and reducing sugars (e.g. glucose and fructose) during frying, baking and roasting. 3, 4 Meanwhile, other precursors such as 3-aminopropionamide have been identified as well. 5 Thus acrylamide occurs as a side product of the Maillard reaction, which provides appealing colour, odour and taste to many cooked foods. Despite the fact that various technological approaches to mitigate acrylamide formation during frying of potato have already been described, 6 raw material selection is considered to be of prime importance as well in order to develop a multifactorial strategy to reduce the acrylamide content of fried potato products. It has been confirmed by several authors 7 -12 that the content of reducing sugars in raw potato is well correlated with the amount of acrylamide formed upon heating. The reducing sugar content of potato tubers and therefore their acrylamide generation potency during frying may vary owing to various factors, including variety, 7,12 -14 storage conditions, 11 fertilisation levels, 15 calibre, 14 etc. Apart from these factors, however, potato growers and the potato-processing industry are confronted by year-to-year variation in raw material characteristics.
Therefore the aim of this study was to investigate the impact of seasonal variation on tuber composition and its acrylamide generation potential. Four potato varieties grown in Flanders and harvested in 2003 (as reported previously by De Wilde et al. 11 ) and 2004 were studied throughout a storage period of 9 months.
MATERIALS AND METHODS

Potato samples
Varieties Bintje, Ramos, Saturna and Lady Rosetta were obtained from the Interprovincial Research Institute for Potato Production (Rumbeke-Beitem, Belgium). Growth conditions, apart from climatological influences, were similar in both growing seasons (e.g. soil, fertilisation, etc.). Climatological data from the measuring point closest to the test fields were obtained from the Royal Meteorological Institute (Ukkel, Belgium). After harvest in October each year, potatoes were stored for 9 months, and samples were taken in October, January, February, March, May and June. Potatoes were stored at 8
• C and treated with the sprout inhibitor CIPC (Chlorpropham, isopropyl-N-(3-chlorophenyl)carbamate) at 1.5 kg Luxan-Grostop (13.4 g kg −1 active substance) t −1 potatoes.
Sample preparation and frying
Potatoes for acrylamide determination were rinsed and fried as described previously. 11, 14 The frying process was identical (par-frying for 3 min at 180
• C, finish frying for 2 min at 180
• C), with the exception of the presence of a mixer in the oil used for frying potatoes harvested in 2004. By mixing the oil during heating, a more uniform oil temperature distribution was obtained and variability in acrylamide levels was reduced. 16 The remaining raw potatoes were cut into small cubes and kept at −18
• C prior to analysis of their chemical composition.
Reagents and chemicals
The reagents and chemicals used in the following chemical analyses were the same as those described previously. 11 All analyses were performed in duplicate.
Chemical characterisation of potatoes Dry matter (DM) content
The determination of DM content was based on AOAC method 930.15. 17 Briefly, 5 g of homogenised raw potato was mixed with calcined sea sand and heated in an oven at 105
• C until constant weight was obtained. 
Crude protein content
Free amino acid content
Mixed raw potatoes (15 g) were placed in a 100 mL quantitative flask and diluted to 100 mL with 150 mL L −1 trichloroacetic acid (TCA). After incubation (10 min at ambient temperature) and filtration the filtrate was diluted in injection buffer and injected into a Biotronik LC3000 amino acid analyser (Biotronik, Hanau, Germany) as described previously.
11
Sugars
After aqueous extraction from homogenised raw potato, mono-and disaccharides were determined by gas chromatographic analysis with the addition of an internal standard. After filtration and evaporation a derivatisation step was carried out. Analyses were performed using a Varian 3380 gas chromatograph equipped with a flame ionisation detector (Varian Instrument Group, Walnut Creek, CA, USA) as described previously.
11
Acrylamide
The determination of acrylamide was carried out using an accredited method based on the standard ISO 17 025 with minor modifications, as described previously. 11 Acrylamide was extracted from the foodstuff with water before the clean-up step. Further concentration by evaporation was carried out before analysis by liquid chromatography/tandem mass spectrometry (LC/MS/MS). Acrylamide was quantified by interpolation from a linear calibration curve based on standard solutions over a concentration range from 0 to 1000 µg kg −1 , using 2,3,3-[D3]-acrylamide (daughter ion m/z 75 > 58) as internal standard for recovery correction. The limits of the method are 10 and 20 µg acrylamide kg −1 foodstuff for detection and quantification respectively.
RESULTS AND DISCUSSION Seasonal conditions
The average monthly temperature profile at the growing site is shown in Fig. 1 . The climatic conditions during 2003 were considered as exceptional. The summer of 2003 was remarkably hot. Average temperatures were higher than normal for almost the entire growing season. Moreover, Belgium was struck by a heat wave that lasted for 14 days (31 July-13 August 2003). The summer of 2004 was also characterised by abnormally high temperatures, but overall it was not considered as exceptional.
The average monthly precipitation profile at the growing site is shown in Fig. 2 Therefore it is difficult to draw general conclusions with regard to this particular phenomenon.
Sucrose
The average sucrose content of potatoes grown in 2003 and 2004 is presented in Table 1 . Since the sucrose content did not vary during storage time in both years (results not shown), the average value for each variety and season was used to statistically evaluate the differences between the two seasons. From this it was concluded that, despite the climatological differences between the two years, no significant differences in the sucrose content of tubers could be observed within the same variety. This is in contrast to the differences observed in the reducing sugar content (Fig. 3) .
Dry matter
Similarly, the dry matter content did not vary significantly throughout the storage period (results not shown). It was significantly higher in tubers harvested in 2003 than in those harvested in 2004 (Table 1) . This was probably due to the higher rainfall at the end of the growing season in 2004 leading to a higher soil moisture content and provoking a decrease in the dry matter content of tubers.
Nitrogen compounds
The crude protein, total free amino acid and asparagine contents did not vary significantly as a function of storage time (results not shown). This is in agreement with a more extended storage study on several varieties conducted in our laboratories. 15 it is possible that, owing to the exceptional heat and drought that occurred in 2003, the potatoes did not absorb the same amount of fertiliser during growth.
Acrylamide formation
Acrylamide formation was evaluated for all samples studied after the preparation of French fries (Fig. 4) . A similar trend to that of the reducing sugar content of tubers (Fig. 3) was noted, confirming the previously observed correlation between the reducing sugar content of tubers and their potential for acrylamide generation during frying. 11 Apart from a few exceptions, tubers harvested in 2004 showed a higher capacity to generate acrylamide during frying throughout the whole storage period for all varieties studied. In several cases the amount of acrylamide generated was even doubled as a result of the seasonal variability in tuber composition (Bintje at 9 months of storage, Lady Rosetta and Ramos at 6 months and Saturna at 5 months). Comparing the results presented in Figs 3 and 4 , however, it could also be observed that there was no proportional relationship between the seasonally dependent fluctuation in reducing sugar content of tubers and the seasonally dependent change in the amount of acrylamide generated during frying. Considering the reducing sugar content for Bintje tubers, for instance, after 4 months of storage it can be seen that potatoes harvested in 2004 contained nearly twice the amount of reducing sugars as those harvested in 2003. Nevertheless, this considerable increase in reducing sugar content resulted in a limited increase in acrylamide generation during frying. This observation suggests that, apart from seasonal fluctuations in reducing sugar content, other compositional parameters exerting an influence on the complex mechanism of acrylamide generation may also be influenced by seasonal variability. Changes in the net content of free amino acids neither could be correlated with the observed results. It is possible that the content of other precursors such as 3-aminopropionamide, 5 which had not been identified when this study was conducted, could also be influenced by seasonal variability.
CONCLUSION
It has been demonstrated in this study that, owing to variations in climatological conditions between seasons, year-to-year variability in the susceptibility of potato tubers to acrylamide generation during frying can also be expected. This variability may be due to a change in tuber composition at harvest or to a change in the susceptibility of tubers to senescent sweetening. Consequently, it cannot be excluded that potato growers and the potato-processing industry are confronted with some harvests that are more prone to acrylamide generation then others. This underlines the importance of a multifactorial approach to mitigate acrylamide generation in potato products.
